. subkelvin range, the choice of materials is quite limited. Radebaugh [3] pointed out that Be is perhaps the best material for a switch not only because of its extremely low Tc (26 mK), but also because it has the highest DeBye temperature, ®D, of any metal (1000 K The key point is that by decoupling the operation of the device being cooled (typically detectors) from the operation of the ADR, the ADR may be designed to cycle much more rapidly, thus providing higher cooling power unit mass.
Note that for any pair of stages in the CADR, the magnetic field of the higher stage is low when the switch needs to be closed, and it is high when the switch needs to be open.
Suppose the part of the thermal link between the two pills that is exposed to the magnetic field of the higher stage magnet is a magnetoresistive material.
Then it appears that the material will act as a "passive" switch, opening and closing at the proper phase in the cycle without a separate control circuit.
2

MAGNETORESISTIVITY OF TUNGSTEN
Tungsten has a simple body centered cubic crystal structure. Because of this, if the field is applied along a high symmetry direction (e.g. 001), the thermal conductivity tensor will have the form
Measurements of the transverse conductivity
Xxy by Long [6] and Fletcher [7] indicate thai it is never more then a few percent of _.xx over the range of temperatures and fields of interest. Thus, thermal conductivity is isotropic in the plane normal to the field to within this error.
These and other authors [8] , [9] have investigated the electrical and thermal resistivity of single crystal tungsten at helium temperatures and fields up to several Tesla.
All find that the component _ has the form A_(T)
where 2g is the phonon conduction term. Wagner [8] found that in high field, A_, fits to
Fitting
to his data for a very high quality (RRR = 63,000) crystal gives _ = 0.42 Tesla 2 W m -l K 2 and a3 = 0.0063 Tesla / W m "1 K -5. The temperature independent part, due to impurity and surface scattering, is related to the temperature independent part of the electrical resistivity, by or0 _ L0/fl/p_,0, where L0 is the Lorenz number.
Long [10] and Wagner [8] find that 2g is proportional to/a with constants of proportionality 0.038 and 0.050 W m "l K q, respectively. This result is unusual in two ways: the dependence is quadratic, rather than cubic, as is typically found in dielectrics, and the values in tungsten crystals are far lower than one would expect in a good dielectric crystal. Long shows that this is because phonons are scattering primarily off conduction electrons.
In zero field, the thermal resistivity, w = k -I, at low temperature is given by
which has the same form as electrical resistivity, Unfortunately, there is no good theory explaining the low field region.
For the purposes of modeling the behavior throughout the range of fields, we assume the magnetothermal resistance acts in parallel with the zero-field resistance:
Using the above coefficient values in this equation, one finds that zero field to high field thermal conductivity ratios of over 105 are possible for T < 2K and B > 2Tesla. Unfortunately, for heat switches in the CADR, high thermal conductance is needed at low temperatures, and in the "off' (low conductance) state the switch must span a large temperature range, in which case the conductance is dominated by the thermal conductivity of the high temperature end. The important quantity, the ratio of the heat flows in the two states, is given by the ratio of the integrated thermal conductivity. At high fields (although not so high that k _, kg) and low temperatures, In fact, the left side, the enthalpy rejected in the on state due to heat leak in the off state,
should be a small fraction of the right side, the total enthalpy rejected through the switch in the on state. If we demand that it be no more than 10%, then in the high and low temperature examples above we find requirements of 0o,/0o_ > 56 and 58, respectively. Thus, very high purity tungsten easily meets this requirement in the two example cases.
SWITCH DESIGN
The area-to-length ratio of the switch, A/l, is set by the requirement that all the heat absorbed in the lower stage when it is at Tto,,,off be rejected through the switch. Again assuming a 50% duty cycle and 100% efficiency, this condition is the same as Eq. (9) with doff replaced by the total heat load on the lower stage. The on state heat flow is just
Using a load of 25 gW and the temperatures in the previous example, and allowing a factor of two margin to account for inefficiencies gives A/l = 5.2 x 10 -6 m.
In experiments on samples of very high purity (RRR _ 75000), Batdalov [9] 
MEASUREMENTS
We used x-ray diffraction to characterize the structure of the crystal. The thermal resistivity, w, times temperature verses magnetic field is plotted in FIG 3 for several different temperatures.
The data fit well to a power law: wT = wTiB f_ with 13=
1.7. The fact that the exponent is not 2 is somewhat surprising. However, the electrical resistivity verses magnetic field data also fits to a power law with an exponent of 1. These coefficients can be used to compute Qo, / Qoy for this material. Substituting the coefficients into EQ.(5), changing the exponent on B to the measured value, and integrating yields ratios of 17 and 78 for the high and low temperature cases discussed previously. In the low temperature case, the ratio does not meet the requirement. A field >2 Tesla, higher than desirable for this temperature range, or a higher purity material is needed. However, the ratio in the high temperature case exceeds the requirement (58) by a significant margin.
MODELING SYSTEM PERFORMANCE
A simple ADR model was modified to simulate a two stage ADR with a "passive" magnetoresistive switch.
That is, the field applied to the switch is assumed to be the same as that applied to the higher temperature ("upper") salt pill, which is also connected to a fixed-temperature bath through a gas-gap heat switch. The on conductance of the gas gap switch is realistically modeled, but off conductance is ignored. The stages below the lower stage are simulated with a fixed heat load if the pill temperature was near its lower setpoint, and zero otherwise.
The entropy and heat capacity of the salt are modeled using the stan- It shows that if the ordering temperature of the salt in the higher temperature pill is too low, the system will lose efficiency because the pill will need to drop to a lower than desirable temperature to achieve sufficient interstage heat transfer.
